Abstract: Legionella pneumophila is the causative agent of pneumonic illness called Legionnaires' disease. It is a Gram-negative monopolarflagellated bacterium, which was shown to be a facultative intracellular pathogen that replicate within amoeba and alveolar macrophages. To identify the interaction of both virulent and avirulent Legionella pneumophila with human DCs and the ability of the bacterium to multiply within human DC, the uptake, intracellular growth of the bacillus and the induction of apoptosis were investigated. In this study human monocyte-derived DCs were infected in vitro by virulent or avirulent L. pneumophila. The infection, intracellular, and the induction of apoptosis were determined over a period of time using both strains. The results provide evidence that human monocyte-derived DCs can be infected by both virulent and avirulent strains of L. pneumophila. Although, DCs were able to take-up both strains, only the virulent strain was able to multiply during 48h of infection as indicated by the viable count. Such infection resulted in the reduction of the viability of DCs. In contrast, avirulent strain did not affect the viability of the latter cells. Moreover, induction of apoptosis in human DCs infected by virulent L. pneumophila was evident after 2h of initial infection but the avirulent strain did not induce DC-apoptosis. Significant induction of necrosis was also detected 24h post infection by the virulent strain. Interestingly, intracellular multiplication of L. pneumophila inside DCs was not correlated with apoptosis whereas intracellular multiplication coincided with necrosis. In conclusion, the results suggest that the virulent L. pneumophila may subvert human DCs function as antigen presenting cells by the early induction of DC-
apoptosis that may contribute to the pathogenicity of the bacterium.
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Intruduction
Legionella pneumophila, the causative agent of Legoinnaires'disease, is a facultative intracellular pathogen that can infect and/or multiply in different host cells including alveolar macrophages, human monocytes, and murine DCs [1] [2] [3] [4] . Dendritic cells (DCs) are potent antigen presenting cells (APC) that are able to activate resting T cells to initiate primary immune response [5] . DCs are also a major source of IL-12 that is required for the sensitization of Th1 cells, which play a critical role in immune response against intracellular pathogens. Moreover, DCs are more potent antigen presenting cells than macrophages [6, 7] . DCs are highly responsive to inflammatory stimuli, such as bacterial LPS, which induce a series of phenotypic and functional changes in DCs. Interaction of Legoinnaires'disease bacterium with DCs have been investigated in marine systems [8, 9] whereas the interaction with human DCs require further investigation. Many bacterial pathogens are known to induce apoptosis in host cells. Apoptosis of infected cells has recently been shown to play an important role in host-parasite relationships. For example, induction of macrophage apoptosis after bacterial infection could be a host mechanism to limit the bacterial replication [10] , and reprocessing the killed bacteria for presentation by professional antigen presenting cells such as DCs [4, 11, 12] . However, the induction of DC-apoptosis in response to bacteria could be regarded as pathogenic, because DCs are responsible for the induction of cellular and humoral immune responses against these pathogens, thus apoptotic DCs may cause temporal disruption of the immunological barrier against infection [13] . Furthermore, apoptosis certainly down regulate DC function and their antigen presenting function in vivo [14] . Although, L. pneumophila has been described to induce apoptosis in many host cells including macrophages and monocytes [15] , very little is known about the ability of Legionella to induce their apoptosis. For this reason, it was important to investigate whether L. pneumophila (virulent or avirulent) infection induces apoptotic or necrotic cell death in human DCs during intracellular infection. Recent study in murine model indicated that both DCs and macrophages have the ability to interfere with Legionella pneumophila replication through a cell death pathway mediated by caspas-1 and Naip-5 [16] .
Materials and Methods

Legionella Strains
The strain of Legionella pneumophila used in this study is L. pneumophila Philadelphia serogroup 1 (clinical strain), kindly provided by Dr. T. Harrison (Central Public Health Laboratory, Colindale). L. pneumophila serogroup 1 (NCTC 11192) was used in this study as an avirulent strain determined by lethality to guinea pigs (LD 50 ) by aerosol transmission [17, 18] . The cells were grown in α-BYE broth medium for 48h at 37°C under constant agitation using an orbital incubator shaker, washed 3 times in HBSS buffer, and the concentration was adjusted to optical density 1 (4x10 8 cfu) using 1.5ml disposable cuvettes in a Gallenkamp Visispectrophotometer at 600 nm.
Preparation of Human Peripheral Blood Monocytes
The PBMCs were isolated from diluted blood using Lymphoprep (Robbins-Scientific) density gradient centrifugation by layering diluted blood on Lymphoprep. This was centrifuged at 1600 rpm using a MSE mistral 3000i centrifuge at room temperature for 30 min. The PBMCs band was removed and washed twice in HBSS at 1600 rpm at room temperature for 10 min. The resulting pellet was re-suspended in 30 ml Red blood cell lyses buffer (0.85% Ammonium chloride) for 5 min to lyse red blood cells then washed twice in cold HBSS and centrifuged at 1600 rpm at 4°C for 10 min. After washing, the PBMCs were suspended in RPMI-1640 medium without antibiotics, counted then plated in 12-well plates (Costar) at a density of 5 x 10 6 cell ml -1 . Plates were then incubated for 2h at 37°C in a humidified incubator (5% CO 2 ). Nonadherent cells were removed by washing the plates 3 times with warm RPMI-1640 medium. The remaining adherent monocytes were used in the experiments.
Preparation of Dendritic Cells from Human Monocytes
Dendritic cells were prepared from peripheral blood monocytes of healthy individuals using a method described by (19) . Monocytes preparation was performed as described previously. Adherent monocytes were cultured in RPMI-1640 medium plus 10% foetal bovine serum (Gibco-BRL), and 1% Lglutamine at 37°C under 5% CO 2 , in the presence of 800 U/ml of recombinant human GM-CSF (Pepro-Tech) and 500 U/ml of recombinant human IL-4 (Pepro-Tech). To induce maturation, human DCs were further cultured with LPS (Sigma) (1 μg ml -1 ) for 24h. Approximately, 2-6 x10 6 DCs were generated from 50-60 ml whole blood.
Determination of Viability of DCs
Samples of cell suspension were mixed with equal amount of 0.04% trypan blue (Sigma) and viable cells determined by trypan blue exclusion using a haemocytometer chamber. Cell viability was determined using light microscope and the results were expressed as the percentage of surviving cells.
DC Differentiation by Flow Cytometric Analysis
DC differentiation was assayed by indirect immunofluorescence staining followed by flow cytometry analysis. The cells were stained in PBS by adding one of the following isothiocyanate (FITC)-conjugated monoclonal antibodies (MAbs): anti-CD14 (UCHM1, Serotec), anti-CD80 (BB-1, Insight), anti-CD83 (HB15, ImmunoKontact), anti-CD86 (BU63, Serotec), and anti-HLA-DR (TU36, BD-PharMingen, San Diego, Calif.). In control samples, the MAbs were replaced by matched isotype control mouse Ig (BD-PharMingen) and incubated on ice for 30 min. After staining and washing twice in cold PBS, the cells were fixed in 1% formalin fixative. Acquisitions were based on 10,000 events and data were analysed using CellQuest software (Becton Dickinson). Gating on DCs population was done to exclude dead cells and contaminating lymphocytes by forward and side scatter properties. The results are shown as the mean fluorescence intensity (MFI) or overlaid histograms. Cells cultivated for 6 days in RPMI-1640 supplemented with recombinant human GM-CSF and recombinant human IL-4 showed the immature phenotype and did not express CD83.
Infection of Human DC with L. Pneumophila and the Determination of Viable Bacterial Count
On day seven, nonadherent DCs were collected and counted prior to infection. Cells at a density of 5x10 5 cells ml -1 per well were infected with virulent and avirulent L. pneumophila strains at a ratio of 10:1 bacteria to DC for 1h. Extracellular bacteria were removed by three times washing DCs in HBSS and treated with fresh RPMI-1640 medium containing 100μgml -1 gentamicin for 1h. DCs were rewashed and incubated in fresh antibiotic-free RPMI-1640 medium. At different time intervals (1h, 5h, 24h, and 48h) post infection, infected DCs were collected and the viability was determined. Following viability estimation, cells were centrifuged and lysed by incubation for 10 min in 900 μl-sterile distilled water followed by vigorous pipetting. The cell culture supernatants at each time point were centrifuged at 13, 000 rpm and the remaining pellets were resuspended in 100μl of sterilized water and added to the 900 μl cell lysate to count both intracellular and extracellular bacteria released from killed cells. After lyses, L. pneumophila viability was determined by plating the cell lysate on α-BCYE medium. For activated DCs infection, cells were stimulated with 1μg ml -1 LPS on day seven 24h prior to infection. Uninfected DCs were used as a control to determine the viability of DCs. After 24h, the viability of infected DCs was calculated and compared to uninfected control cells (0:1) bacteria to DC. The infection of DCs was carried out using low ratio of the virulent strain (5:1) versus 10:1 for the avirulent strain to minimize the differences of bacterial entry into DCs.
Determination of Apoptosis
Apoptosis was characterized by Annexin V, a phospholipid-binding protein that has affinity for PS, and preferentially binds to cells with exposed PS. It is conjugated to a fluorochrome, such as Fluorescein Isothiocyanate (FITC) for easy identification of apoptotic cells by flow cytometry. Annexin-V-FITC is typically used in conjunction with a vital dye such as Propidium Iodide (PI). Viable cells with intact membrane exclude PI, whereas damaged membrane are permeable to PI. Apoptosis was detected and quantified by using the Annexin V-FITC Apoptosis Detection Kit I (PharMingen, San Diego, CA) according to the manufacturer's instructions.
Induction of Apoptosis in DCs by Viable Legionella
To determine whether DCs infected with L. pneumophila undergo apoptosis, the cells were infected with virulent and avirulent strains using different ratio (10:1 and 5:1 bacteria to DC) of infection. On day seven, nonadherent DCs were harvested by moderately vigorous aspiration and washed, and resuspended in a fresh RPMI-1640 media without antibiotics. DCs at a concentration of 5 x 10 5 cell ml-1 in 24-well plate were infected with either 5:1 or 10:1 ratio of bacteria to DC for both virulent and virulent strains. Infected cells were incubated for 24h at 37ºC in 5% CO2. As a positive control for apoptosis, cells were incubated in RPMI-1640 containing 6-µm ml -1 CPT for 5h. As negative control, cells were incubated untreated and underwent the same treatment as the treated cells. In addition, DCs were also treated with LPS 1 μg ml -1 (Sigma) for 24h to examine the effect LPS on the induction of apoptosis. Controls and infected cells were then harvested, washed twice with PBS and prepared for Annexin-V and PI staining.
Time Course Induction of Apoptosis
To determine whether different L. pneumophila strains (virulent and avirulent) were able to induce apoptosis at early stage of infection, human monocytederived DCs (5x10 5 ) were infected with a ratio of 10:1 bacteria to DC for 1h. Extracellular bacteria were killed followed by further incubation at 37ºC in 5% CO 2 . At different time intervals post-infection (1h, 5h, 24h, and 48h) infected cells were harvested, washed twice with PBS and prepared for staining. Noninfected cells were used as a negative control at each time point. Both infected and non-infected DCs were fixed and analysed within three days. The experiments were repeated three times with cells from different donors.
Statistical Analysis
The data were expressed as mean ± standard deviation of the mean. Statistical analysis was performed using the Student's t test for unpaired variable (two tailed). The mark *, and** in the figures referred to statistical probabilities (p) of < 0.05, and < 0.01 respectively measured in different experimental conditions as detailed in the legends to figures. Differences at p < 0.05 or p < 0.01 were considered statistically significant.
Results
Infection of Human DCs by Virulent and Avirulent L. Pneumophila
DCs were infected by different ratios of virulent and avirulent Legionella (5:1 and 10:1 bacteria to DC respectively) and incubated in fresh culture medium without antibiotics for different time intervals (1h, 5h, 24h, and 48h). It was evident that DCs infected by virulent Legionella were lysed and released the bacteria into the medium. Experiment evolved the use of gentamicin free medium and the total intracellular and extracellular (released from lysed cells) was calculated ( Fig. 1 ). It has been confirmed that the virulent L. pneumophila can multiply inside immature DCs and a significant increase in the viable count after 24 and 48h of infection was noted (Fig. 2) . The viable L. pneumophila recovered from both lysed DCs and culture supernatants increased by approximately 1 log after 24h and 48h although the ratio of infection was only 5:1 virulent Lp to DC. It was very important to note that some infected DCs lysed as a result of infection by Legionella cells. It was, therefore, crucial to recover and count bacterial cells released into the medium to determine the true multiplication rate of Legionella cells. However, it is interesting to note that avirulent Legionella entered DCs and recovered from lysed DCs over a period of 48h after infection (Fig. 1) . The viability of DCs infected with virulent Legionella (5:1 bacteria to DC ratio) decreased to 52% and 45% after 24 and 48h respectively (Fig. 2) . Despite the use of 10:1 ratio for the avirulent strain to DC, the viability of infected DCs was not affected. The percentage of viable DCs infected by the avirulent strain ranged from 94 -72% after 48h of infection (Fig. 2) .
Fig. 1: Determination of intracellular multiplication using different ratio of infection
Immature DCs on day seven were infected by the avirulent strain at a ratio of 10:1 bacteria to DC while the ratio of the virulent strain used was 5:1. After 1h of infection, the extracellular bacteria were killed using RPMI-1640 medium supplemented with 100 µg ml-1 gentamicin, washed and incubated for 1h, 5h, 24h, and 48h in fresh antibiotic-free medium. At different time intervals (1h, 5h, 24h, and 48h) of incubation, DCs were collected and lysed to estimate the total number of Legionella recovered from inside DCs and any released to the medium during infection. Data presented as the mean log 10 cfu ± S.D. There was a significant increase in the viability of virulent Legionella 24 and 48h after infection *(p < 0.05). Avirulent Lp strain showed significant decrease in the viability after 48h. 
Apoptosis Studies
To determine whether infection by Legionella induces apoptosis or necrosis in DCs, Annexin V and Propidium iodide (PI) flow cytometry analyses were carried out. The induction of apoptosis by L. pneumophila infection was first determined using different ratios of infection (5:1 and 10:1 bacteria to DCs). After 24h of incubation the percentage of apoptotic and necrotic cells was determined and compared to the control cells incubated in complete medium or cells stimulated with CPT or LPS. The percentage of DCs undergoing apoptosis (Fig 3) after infection by the avirulent strain did not differ from the uninfected control when the ratio of 5:1 (13%) or 10:1 (14%) (Bacteria: DC) were used. Therefore, the viability of infected cells remained high even though low increase in necrotic cell count was observed when the ratio of 10:1 was used. On the other hand, 43% and 53% of DCs infected with virulent Legionella were apoptotic after 24h of incubation when the ratio of 5:1 and 10:1 respectively were used, compared to 11% of cells in non-infected cultures (control) (Fig. 3) . Apart from apoptosis, the induction of necrotic cell death was also detected when virulent L. pneumophila infection was carried out at a ratio of 5:1 (9%) and 10:1 (16%) bacteria to DC. In addition, cells stimulated with CPT were used as a positive control and were 57% apoptotic and no more than 2% were necrotic. 
Induction of Apoptosis over Time
The experiments were carried out using both virulent and avirulent strains.
Seven days after culturing human monocytes, the resulting immature DCs were infected by either virulent or avirulent Legionella with a ratio of 10:1 bacteria to cells and extracellular bacteria were killed with appropriate antibiotics and incubated in fresh RPMI-1640 without antibiotics for different time intervals (1h, 5h, 24h, and 48h). The induction of apoptosis in DCs after infection by avirulent L. pneumophila strain was not seen during the early stage of infection (Fig. 4) , and no significant differences in the percentage of apoptotic cells detected after 1h, 5h and 24h of incubation compared to uninfected control DCs (Fig 5) . However, 48h after infection only 13% of the cells were apoptotic compared to 7% of uninfected control cells (Fig 5) . Therefore, the viability of the DCs infected with avirulent strain was only affected after 48h post-infection.
In addition, low necrotic cell death (2-3%) was also detected after 24 and 48h
respectively of infection by avirulent strain (Fig. 4) compared to less than 1% of uninfected controls (Fig. 5) . In contrast, approximately 85% of DCs infected with avirulent L. pneumophila were viable after 48h of infection whereas 91% of cells cultured in complete medium without infection seem to be viable. On the other hand, infection of human DCs by virulent L. pneumophila strain at a ratio of 10:1 bacteria to DC induced a dramatic increase in apoptotic cell death numbers after 24h (37%) and 48h (52%) post-infection (Fig. 6) . Apoptosis was even detected at early stages (1h and 5h) of infection when about 6% and 19% of cells were apoptotic respectively. Compared to uninfected control DCs, significant increase in necrotic DCs was noted after 24 and 48h (10% and 12%).
The results indicated that virulent L. pneumophila strain induces apoptotic cells death in infected human DCs at early stages (1h and 5h) of infection whereas necrotic cell death was induced at late stage (24h and 48h) of infection. 
Discussion
Infection Studies
The ability of different L. pneumophila strains to infect and replicate in human DCs was studied using different ratios and times of infection. Infection prior to differentiation of human monocyte to DCs failed to maintain cell viability for the seven days, which are required for the full differentiation (data not shown).
The infection on day two of the differentiation process was performed using very low ratio (5:1) bacteria to DC and the time of infection was 1h only. Even then, the viability of DCs was too low for further experiments. This may be explained by the high multiplication rate of the bacterium inside the human monocytes (prior to differentiation) in addition to the cytotoxic and apoptotic effect of the Legionella strains. Therefore, in the present study the infection of immature DCs was carried out on day 6 or 7 after differentiation and the ratio was chosen to be either 5:1 or 10:1 bacteria to DC. The use of higher ratios of infection dramatically affected the viability of DCs. These observations are consistent with other reports that high ratio of infection seems to induce early cytotoxic effect on human cells [20] . Furthermore, time course experiments were performed using immature DCs infected at a ratio of 10:1 bacteria to DC, in order to determine the intracellular multiplication of L. pneumophila strains.
Others have also used the same procedures when infected DCs with Mycobacterium avium [21] and Mycobacterium tuberculosis [22] . In the recent study it was shown that the ability of immature DCs to take up L. pneumophila was different using strains of varying virulence. It is also interesting to note that the cells used in these experiments were stationary phase grown cells and has been documented that virulence determents are mainly expressed during stationary phase [23, 24] .
Experiments determined that, immature DCs were able to support intracellular multiplication of the virulent strain. Many other bacterial pathogens could be taken up by DCs such as Bordetella bronchiseptica [25] , Listeria monocytogenes [26, 27] , and Treponema pallidum [28] . On the other hand, L. pneumophila that avoided Naip5-depended response (cell death pathway) however, showed strong replication in macrophages but remained unable to replicate in murine DCs [16, 29] . Moreover, the intracellular bacterial counts of avirulent strain decreased slightly after 24 and 48h. This is may be due to the fact that human DCs may have the ability to destroy ingested bacteria. In fact, immature DCs are specialized for antigen capture, while mature DCs have a reduced capacity for antigen uptake and higher capacity for antigen presentation [21, 30] . The reduced DCs viability was mainly determined after infection by the virulent Legionella because the avirulent variant did not affect the integrity of DCs. These observations indicated that the effect of Legionella infection on DCs viability is not only related to the intracellular multiplication. Previous report indicated that murine bone marrow-derived DCs restrict the growth of virulent and avirulent L. pneumophila strains while the infection did not reduced the viability of DCs [31] . In contrast to their observation, the virulent strain in our system was able to replicate in immature human DCs and affect its viability. In this study, the multiplication of the virulent strain in human DCs was low. This was also observed when Mycobacterium avium was used to infect human monocyte-derived DCs and macrophages; however, the number of the intracellular bacteria was higher in macrophages than those growing within DCs [16, 24] . The bacterial entry of both strains (virulent and avirulent Legionella) was adjusted to be similar by using low ratio of infection for the virulent strain (5:1) and 10:1 ratio for the avirulent strain. Only the virulent strain showed increase in cfu ml -1 after 5h and was accompanied by decreased viability in DCs.
Induction of Apoptosis in DCs Infected by Live Virulent and Avirulent L. Pneumophila
Infection of human monocyte-derived DCs by L. pneumophila was carried out using two different strains, the virulent and avirulent strains. The infection by the avirulent strain did not significantly affect the viability of human DCs as measured by trypan blue assay. However, significant reduction in DCs viability was observed when the virulent strain was employed. Therefore, it was interesting to investigate the kind of cell death that occurred. An annexin-V and PI staining based assay was used and the results were compared to cells stimulated by CPT or LPS, as well as unstimulated cells. The infection of human DCs with live virulent or avirulent strain was carried out using low ratios (5:1 and 10:1 bacteria to DC) of infection. This is because preliminary studies indicated that using ratios of 50:1 or 100:1 bacteria to DC resulted in a dramatic decrease in the cell viability especially when the virulent strain was used. These were consistent with previous reports that high ratios of infections resulted in killing of human macrophage-like HL-60 cells by L. pneumophila (necrosis or lyses) within a few hours after infection [20, 32] . The data demonstrate that the infection of human DCs by avirulent Legionella (5:1 and 10:1 bacteria to DC) failed to induce significant increases in the number of apoptotic cells compared to uninfected controls after 24h.
The defect in intracellular multiplication or the non-pathogenic status of the avirulent strain may explain the low ability of this strain to induce apoptosis during the 24h. Nevertheless, mip mutant of virulent L. pneumophila strains, that is defected in intracellular multiplication, was able to induce apoptosis in HL-60 cells [32] . However, Neumeister colleagues [33] demonstrated that the level of apoptosis induced by L.
pneumophila strain in Mono Mac 6 (MM6) cells was dose and virulence dependent and was not related to their intracellular multiplication in the host cells. Moreover, according to another report [34] low cytopathogenic species of Legionella did not induce apoptosis. Some other bacterial pathogens such as attenuated Mycobacterium strains were unable to induce apoptosis in murine macrophages [35] . In contrast, infection of human monocyte-derived DCs by the virulent strain, at a ratio of 5:1 or 10:1 bacteria to DCs, was able to induce apoptosis and necrosis in DCs after 24h. High percentage of apoptotic DCs were detected when 10:1 bacteria to DC was used. Ratios of infection such as 50:1 or 100:1 had a dramatic decrease in the cell viability. Although this has been determined in DCs, it seems consistent with previous reports after the infection of human monocyte, macrophages and alveolar epithelial cells with L. pneumophila and the induction of apoptosis was dose dependent [36] . Furthermore, in the present study necrotic cell death was also investigated and seems to have increased in dose-dependent manner after infection by the virulent Legionella cells. This may support earlier study, which showed the ability that virulent L. pneumophila strains express pore forming toxin that mediates necrosis in macrophages and alveolar epithelial cells [37] . Others [27] reported the induction of necrosis in human DCs by Listeria monocytogenes (20%), which is comparable to the results in this study (16%). Uninfected imDCs were used as a negative control and the induction of apoptosis was also detected but with lower percentage (11%) compared to (53%) DCs infected by virulent Legionella at a ratio of 10:1. Low percentage (10% and 13%) of apoptotic cells was also detected when DCs were stimulated by LPS or infected with avirulent strain respectively. Immature and mature DCs are susceptible to spontaneous cell death in long-term culture in medium [38] . However, DCs stimulated by LPS appeared to be mature DCs based on flow cytometry analysis of the maturation markers. Furthermore, addition of cytokines GM-CSF to DCs culture appears to inhibit spontaneous apoptosis in DCs [39] [40] . In our system, the cytokine was omitted after infection to avoid its published antibacterial property [41] and this may have resulted in low percentage of spontaneous apoptotic cells. Therefore, when DCs were stimulated by LPS no significant difference in the induction of apoptosis was detected compared to un-stimulated control. These results are in agreement with other reports indicating that maturation stimuli such as Escherichia coli LPS promote DC survival and reduce their susceptibility to pro-apoptotic signals [42] .
In addition, when human monocytes and macrophages stimulated by LPS, these cells did not undergo apoptosis [43] . The present study provide evidence that virulent but not avirulent L. pneumophila strain induced cell death in human DCs after 24h of infection as detected by flow cytometry assay using annexin-V and PI staining and by measuring the viability of DCs using trypan blue assay even though a low dose (5:1 bacteria to DC) of infection were used.
Induction of Apoptosis During Infection
The induction of apoptosis in immune cells responding to infection seems to be a strategy adopted by many pathogens to overcome immune response [44] . DCs are important immune cells early in infection therefore it was plausible to monitor the induction of apoptosis or necrosis of DCs infected by virulent L. pneumophila. In study of [31] , the viability of murine DCs was not affected after infection by L. pneumophila. In this study, the time course induction of apoptosis was carried out using both virulent and avirulent L. pneumophila and the ratio of infection was adjusted to 10:1 bacteria to DC. Induction of apoptosis and necrosis was monitored in infected and uninfected cells at different time intervals (1h, 5h, 24h, and 48h). Uninfected control cells expressed low percentage of apoptosis even after 48h of incubation.
The induction of apoptosis in unstimulated immature DCs appeared normal since DCs were cultured in cytokine-free medium. In contrast, the infection of human DCs by avirulent L. pneumophila cells and prolonged incubation of the cells up to 48h resulted in significant increase of apoptosis compared to uninfected control. However, the number of apoptotic cells remained constant after 1h, 5h, and 24h of infection. Interestingly, the induction of apoptosis in DCs was only detected after 48h of infection even though the avirulent strain was unable to multiply within human DCs throughout the incubation periods. The data are consistent with other reports documenting that Legionella species of different human prevalence induce different rates of apoptosis in human monocytic cells [15] . However, avirulent L. pneumophila infection induces low degrees of apoptosis in monocytic Mono Mac 6 cells [33] . In addition, the induction of apoptosis does not require intracellular bacterial replications (45) . Furthermore, in this study uninfected control DCs cultured in cytokine-free medium does not show significant increase in apoptosis after 48h, which may confirm that the late induction of apoptosis is due the infection. Additionally, low percentage (2-3%) of DCs infected by avirulent L. pneumophila underwent necrosis but it is not significantly different from uninfected control DCs. Infection of immature human DCs by virulent L. pneumophila strain was carried out using a ratio of 10:1 bacteria to DC. Apoptosis and necrosis were measured at different time intervals (1h, 5h, 24h, and 48h) and the data indicated the induction of apoptosis during the first few hours of infection. The results are consistent with previous observation which indicated that L. pneumophila induces apoptosis in U937 macrophages and alveolar epithelial cells within 2-3 hours of the initiation of infection [45] . Although the study involved the use of virulent L. pneumophila strain, the induction of apoptosis in our system was also detected after 2h of infection.
Similarly, some researchers [46] reported that the induction of apoptosis in macrophages infected by L. pneumophila was detected 2h post infection and mediated through the activation of caspase 3. Moreover, induction of human DC-apoptosis upon infection by Salmonella typhimurium was also detected 2h post infection [47] . In the present study, the percentage of apoptotic cells as a result of infection by virulent L. pneumophila were about 6.5, 19, 37, and 52% after 1h, 5h, 24h, and 48h respectively. Whereas, the intracellular bacterial replication was not detected until 5h of infection as measured by determinations of bacterial cfu from lysed cell. The induction of apoptosis did not inhibit bacterial multiplication in HL-60 cells [48] , therefore the induction of DCs apoptosis did not prevent intracellular multiplication of virulent L. pneumophila that detected after 5h, 24h and 48h. On the other hand, significant increase in necrotic cells was detected after 24 and 48h of infection by virulent L. pneumophila. The detection of noticeable necrosis coincided with the intracellular replication, which started 5h after infection. All of which may suggest that virulent L. pneumophila induces apoptosis during the early stages of infection to facilitate the intracellular multiplication, and necrosis in the late stages of infection after the release of intracellular bacteria. The induction of necrosis in murine bone-marrow derived-macrophages by L. pneumophila appeared to be mediated by a pore forming toxin [20] . The latter forms pores (<3 nm in diameter) into the plasma membrane that allow the passage of molecules, which could trigger osmotic host lyses. The induction of necrosis, which was triggered after 24 and 48h of infection in the current study, seems also to enhance the induction of apoptosis as indicated by the increased expression of apoptosis after 48h. These observations are further supported by previous report that L. pneumophila becomes cytotoxic to macrophages during the late stages of infection after exiting the exponential growth phase [23] .
Immature DCs infected by virulent L. pneumophila seem to be not fully matured as indicated by the analysis of maturation markers, whereas infection by avirulent L. pneumophila triggers DCs maturation. Such effect may deplete the antigen presenting capabilities of DCs. It is also important to mention that L. pneumophila induces apoptosis in human monocytes at early stages of infection but the effect on viability seems to be more serious than on immature DCs in our data. Only 33% of human monocytes were viable after 4h infection by virulent L. pneumophila due to the induction of both apoptosis and necrosis [49] . Whereas in the present study, the viability of immature DCs infected by virulent L. pneumophila after 5h of infection was 70%. The differences between their observations and our data may be due to the differences in the bacterial strain used or to the differences in susceptibility of monocytes and immature DCs to infections. It is interesting to note that determination of DC-viability infected either by virulent or avirulent L. pneumophila were similar when trypan blue or annexin-V assay were used. However, the differences in the percentages may be related to the ability of annexin-V staining procedures to detect early apoptotic cells that would not be possible to detect by trypan blue assay. Conversely, flow cytometry using PI would not recognize necrotic cells that have already lost their typical DC morphology and would be gated out by fluorescence activated cell sorter (FACS), and these cells would be seen by trypan blue method. Despite the differences, both methods successfully differentiated between the effect of virulent and avirulent L. pneumophila infection on DC-viability. 
Legionella pneumophila
